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Abstract
Incorporation of silicon dioxide (SiO2) filler was proven to improve phase separation and ionic conductivity of polymethyl 
methacrylate/50 % epoxidized natural rubber (PMMA/ENR 50) electrolytes. Unfortunately, SiO2 was found agglomerated in 
PMMA/ENR 50 electrolytes thus restricting surface contact between polymer electrolytes and electrodes. Therefore, in this 
study, SiO2 was chemically modified using hydrochloric acid (HCl) in order to improve dispersion of SiO2 in PMMA/ENR 50
electrolytes matrix. SiO2 was reacted with HCl in different acid concentrations for an hour at ambient temperature then dried in 
an oven for 24 hours at 120 °C. The acid modified SiO2 (HCl-SiO2) was then blended with PMMA/ENR 50-tetrahydrofuran 
(THF) solutions and doped with lithium tetrafluoroborate (LiBF4). Polymer electrolytes were obtained by solvent casting in a
Teflon dish under nitrogen gas flow then further dried in an oven. The ionic conductivity of PMMA/ENR 50 filled HCl-SiO2
electrolytes was analyzed using electrochemical impedance spectroscopy (EIS). Activation energy (Ea) was calculated from log 
ionic conductivity ORJıversus 1000/T plot using Arrhenius equation. It was found that the ionic conductivity ıwas slightly 
decreased due to the acid modification SiO2. However, further increase in HCl concentration lead to steady increase in the ı. The 
activation energy (Ea) ZDVIRXQGLQYHUVHO\SURSRUWLRQWRWKHıDielectric constant ܭމand dielectric loss and (ܭފ were found to 
initially decrease upon the acid modification SiO2+RZHYHU WKHܭމ DQG ܭފ observed increases as HCl concentration increased. 
Real part modulus (0ү) was lower at lower frequency but increases as frequency increased. The 0ү peaks were observed at higher 
frequency. The peaks shifted to higher frequency as concentration HCl increased but still at lower frequency compared to 
polymer electrolytes filled with unmodified SiO2. Nevertheless, no peak was recorded in imaginary part Modulus (MҰ).
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1. Introduction
Some works were conducted to explore the potential of PMMA/ENR 50 blend as polymer electrolytes in Li+ ion 
batteries [1,2]. The studies revealed that by incorporation of few amount of ENR 50 and SiO2 filler successfully 
improve the ionic conductivity and physical properties of PMMA/ENR 50 electrolytes. Unfortunately, SiO2 is found 
agglomerated in PMMA/ENR 50 blend thus limit the performance of polymer electrolytes such as brittle and rough 
polymer surface hence lead to poor contact between polymer electrolyte and electrodes [2].
Fig. 1. Formation of hydrogen bond between silicon dioxide and water.
The structure of SiO2 (Fig. 1) consists of repeating unit of Si-O-Si and known as siloxane group which all atoms 
are covalently bonded in tetrahedral structure. Meanwhile, on the surface of SiO2, the oxygen atom which covalently 
bonded to silicon atom may bond to hydrogen atom resultant from reaction between SiO2 with moisture and known 
as silanol group (Si-O-H) [3]. In the structure, the hydrogen atom on silanol group may form hydrogen bond with 
moisture thus encourages agglomeration of SiO2 when their filled in PMMA/ENR 50 blend especially at high 
percentage SiO2.
Based on our preliminary study, the acid modification on the surface of SiO2 was able to reduce the number of 
silanol group (Fig. 2). The chemical and physical characteristics of HCl-SiO2 and PMMA/ENR 50 blend were 
examined in detail. From the finding, the acid modification of SiO2 reaction is proposed involve few steps in which 
one of the step demonstrates dehydration process where the silanol groups eliminated from the surface of SiO2.
Since the number of silanol groups were reduced the formation of hydrogen bonding and SiO2 agglomeration may 
depressed. 
Fig. 2. Suggested mechanism routes for modification of HCl-SiO2.
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In this study, the effects of acid modification of SiO2 to the room temperature and temperature dependence ıof 
PMMA/ENR 50 filled HCl-SiO2 electrolytes were investigated. From these results, the Ea of the polymer 
electrolytes was successfully calculated and discussed. Meanwhile, for the electrical properties studies, the dielectric 
properties (ܭމ and ܭފ) and electric modulus (Mމ and Mފ) of the polymer electrolytes were examined.
2. Experimental
2.1 Methodology
Acid modification of SiO2 was carried out by shaking SiO2 (15 nm) (Merck) in various HCl (Merck) 
concentrations for an hour at ambient temperature. HCl-SiO2 then allowed to dried in an oven at 120 °C for 24 hours
without calcination. Polymethyl methacrylate (PMMA) (Mw = 120, 000) (Sigma-Aldrich, USA), 50 % epoxidized
natural rubber (ENR 50) (Guthrie Polymer) and HCl-SiO2 were dissolved or suspended in THF separately under 
continuous stirring. All constituent solutions were mixed before LiBF4 was added to them and the solutions were 
continuing stirred for another 24 hours. Amount of ENR 50, HCl-SiO2 and LiBF4 were fixed at 10, 5 and 40 % 
(w/w) in PMMA, respectively. Thin films were obtained by casting method in Teflon petri dish under nitrogen gas 
flow for 12 hours. All samples were further dried in an oven at 50 °C for overnight and then kept in a desiccator.
2.2 Electrochemical Impedance Spectroscopy Measurement
The impedance of thin film samples were measured using a Hioki 3532-01 LCR High Tester. The instrument was 
interfaced to a computer and set to measure the impedance in a frequency range of 100 Hz – 1 MHz from 298 up to 
353 K. From the Cole-Cole plot obtained, the bulk resistance can be determined hence, the electrical conductivity of 
the sample can then be calculated using the following equation;
bRA
t

 V
wKHUH ı LV WKH LRQLF FRQGXFWLYLW\ t is the thickness of the sample, A is the contact area between sample and 
electrodes and Rb is bulk resistance.
3. Result and discussion
The effects of HCl-SiO2 on the ı and Ea of PMMA/ENR 50 filled HCl-SiO2 electrolytes are presented in Table 1. 
The result shows that the ı is reduced to one order of magnitude for the polymer electrolytes filled HCl-SiO2
compared to polymer electrolytes filled unmodified SiO2. This may due to reduce in number of silanol groups from 
acid modification of SiO2. Although, the silanol groups is expected to be the key of the agglomeration of SiO2, but 
the groups may important to the filler in order to facilitate ionic conduction in the polymer electrolytes. This is 
because the ability of silanol groups acts as alternative pathways to form temporary hydrogen bonding between Li+
ions from dissociation of LiBF4. In other words, oxygen atoms in silanol groups on the surface of SiO2 may act as 
Lewis base in which allow Li+ ions to be conducted throughout SiO2 surface [4].
)XUWKHULQFUHDVHLQ+&OFRQFHQWUDWLRQIURPWR0VKRZVVWHDG\LQFUHDVHLQWKHı7KLVPD\UHODWHWRHQKDQFLQJ
in well dispersed of HCl-SiO2 in PMMA/ENR 50 electrolytes. Even though the number of silanol groups decreases 
with concentration of HCl increased but remaining silanol groups on the surface of SiO2 are still available to 
facilitate the movement of Li+ ions. Dispersion of HCl-SiO2 in PMMA/ENR 50 electrolytes getting better with 
concentration of HCl increased. As results, the particles of HCl-SiO2 get closer and interconnected each other’s thus 
IRUPOLQNVRI LRQLFFRQGXFWLRQSDWKZD\V8QIRUWXQDWHO\ıGURSSHGZKHQ6L22 was modified with 9 M HCl. This 
may due to HCl-SiO2 may well disperse in PMMA/ENR 50 electrolytes and may get too close between each other’s. 
This may create blocking effect to conduction of ions in the polymer electrolytes and may cause the polymer chains 
EHFRPHLPPRELOL]HGKHQFHUHGXFHWKHı>@
852   Sharil Fadli Mohamad Zamri et al. /  Procedia Technology  15 ( 2014 )  849 – 855 
7DEOH5RRPWHPSHUDWXUHıDQG Ea corresponding to PMMA/ENR 50 filled HCl-SiO2.
Concentr. of 
HCl (moldm-3)
0 1 3 5 7 9
ı[-7 (Scm-1) 52.60 5.95 7.71 8.75 12.17 2.69
Ea (kJmol-1) 0.76 15.50 15.57 20.50 17.23 33.63
The Ea YDOXHVZHUHFDOFXODWHG IURP WKH VORSRI ORJıYHUVXV7SORWDW WHPSHUDWXUH range of 25 to 50 °C. 
These temperatures were used DIWHUFRQVLGHULQJLUUHJXODUWUHQGRIWKHWHPSHUDWXUHGHSHQGHQFHıSORWFRUUHVSRQGLQJ
to PMMA/ENR 50 filled HCl-SiO2 HOHFWURO\WHVDVSUHVHQWHG LQ)LJ7KHıRIDOO VDPSOHV LQLWLDOO\ LQFUHDVHVDV
temperature increaseGXS WR&7KH LQFUHDVHV LQıas temperature increased may attribute to the expansion of 
polymer matrix during heating. This may create free volume and unoccupied space to allow Li+ ions to be conducted 
freely >@+RZHYHUWKHıRISRO\PHUHOHFWURO\WHVLVIRXQGGHFUHDVHVDVWHPSHUDWXUHincreased start from 60 up to 80 
°C. Meanwhile, the Ea values were found increases dramatically as SiO2 modified using 1 M HCl. Further increase 
in concentration of HCl in acid modification of SiO2 increase the Ea values. The results show that the Ea values are 
LQYHUVHO\SURSRUWLRQWRWKHıYDOXHV7KLVVXSSRUWWKHıUHVXOWVin Table 1 where the modification of SiO2 using HCl 
may hinder the movement of ionic conducting in polymer electrolytes [7]. This may attribute to the reduction of 
silanol groups on the surface of SiO2 as alternative conducting pathway for conduction of Li+ ions.
Fig. 3. Temperature dependence ionic conductivity corresponding to PMMA/ENR 50 filled HCl-SiO2 electrolytes ¸, Ƒ, ǻî
and ż: 9 M HCl).
Fig. 4 shows the frequency dependence of the dielectric constant (ܭމ) corresponding to PMMA/ENR 50 filled 
HCl-SiO2 electrolytes. All samples shows similar characteristic in which the ܭމ is higher at lower frequency due to 
orientation of polar groups, ions and space charges polarization at these frequencies. However, when the frequency 
is increased, dipoles are failed to align with the applied field and thus they oscillating begins to lag behind and the ܭމ
start to decreases [8]. This phenomenon is known as an electrical relaxation process [9]. Meanwhile, samples filled 
with HCl-SiO2 show decrease in ܭމ indicated that significant influence of acid modification of SiO2 RQWKHı>10]. It 
is important to note that the amount of Li+ ions and filler are same for every sample. However, the number of silanol 
groups on the surface of SiO2 may vary due to the acid modification of SiO2 using different concentrations of HCl as 
proposed in Fig. 2. Thus, the polarization of charge in the polymer electrolytes may reduce due to reduce in number 
of interaction side for temporary hydrogen bonding between for Li+ ions and oxygen atoms of silanol groups.
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Besides, the figure shows that there is no segmental relaxation process observed in all sample suggesting that the 
LiBF4 is homogeneous distributed in the polymer electrolytes [9].
Fig. 4. Frequency dependence of the dielectric constant (ܭމ) corresponding to PMMA/ENR 50 filled HCl-SiO2 electrolytes ¸Ƒǻ: 3, ×: 5,
*: 7 and ż: 9 M HCl).
Fig. 5. Frequency dependence of the dielectric loss (ܭފ) corresponding to PMMA/ENR 50 filled HCl-SiO2 electrolytes ¸Ƒǻî
and ż: 9 M HCl).
Fig. 5 shows the frequency dependence of the dielectric loss (ܭފ). The figure shows similar behaviour that 
observed for the ܭމ in Fig. 4. The ܭފ are higher at low frequency due to polarization effects on the electrode and free 
charge motion in the system which is strongly related to the ı of the samples [11]. However, the ܭފ are found 
GHFUHDVHVDVIUHTXHQF\LQFUHDVHGPD\DWWULEXWHKLJKSHULRGLFUHYHUVDORIWKH¿HOGat the interface. Thus the effect of 
ions to the electric modulus decreases resulting from the reduction of the diffusion of ions in polymer electrolyte 
[10]. Meanwhile, the acid modification of SiO2 decrease the ܭފ values of PMMA/ENR 50 filled HCl-SiO2
electrolytes at the lower frequency region. This may due to the reduction of mobility of charge carrier [9]
consequences from the reduction of silanol groups on the surface of HCl-SiO2. As mentioned earlier, the HCl-SiO2
gains its homogeneity in PMMA/ENR 50 electrolytes. Unfortunately, the number of Li+ ions that successfully 
conducted to the surface of electrodes may reduce since the number of alternative pathways for Li+ ion, oxygen 
atoms in silanol groups on the surface of HCl-SiO2 was reduced in acid modification of SiO2.
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Fig. 6 depicts the variation of real part of modulus (0ү) corresponding to PMMA/ENR 50 filled HCl-SiO2 
electrolytes. The curves show that dispersions are found at higher frequency. The 0ү are said free from space charge 
effect may separate in to two region; the electrode polarization region which found below 3 kHz and ionic 
conduction region which observed higher than 3 kHz. The curves revealed that the ionic conduction region shows 
dispersion at higher frequency [12]. The value of Mү is lower at lower frequency may attribute to removal of 
electrode/electrolyte polarization in the system [13] hence able to facilitate the migration of Li+ ions in the ionic 
conduction [14]. The 0үincreases as frequency increased hence the 0ү peaks observed at the higher frequency. The 
0ү peaks are shifted to a higher frequency as HCl concentration used in acid modification if SiO2 increased but still 
lower compared to polymer electrolyte filled unmodified SiO2.
Fig. 7 shows the frequency dependence of imaginary part of modulus (0Ұ) corresponding to PMMA/ENR 50 
filled HCl-SiO2 electrolytes. The 0Ұ may use as an indicator for the energy loss under electric field. The dispersion 
is found at frequency of 30 kHz. The figure shows that there is no 0Ұ peak observed for all samples indicated that 
there is no conductivity relaxation is recorded within the experimental frequency range. The figure is difficult to 
interpret since the behaviour of curves is not well seen especially at higher frequency. Since the Mފ peak is not 
observed, the determination of exact value of ionic conductivity relaxation frequency (fı) and ionic conduction 
UHOD[DWLRQWLPHĲı) are impossible [12].
Fig. 6. Frequency dependence of real part of Modulus (0ү) corresponding to PMMA/ENR 50 filled HCl-SiO2 electrolytes (·· · · : 0, + + +: 1, ޤāāޤāāޤ
ޤޤޤ, ǻǻǻDQGޤޤޤޤޤޤ0 HCl).
Fig. 7. Frequency dependence of imaginary part of Modulus (Mފ) corresponding to PMMA/ENR 50 filled HCl-SiO2 electrolytes (·· · · : 0,  + + +: 
1, ޤāāޤāāޤޤޤޤ, ǻǻǻDQGޤޤޤޤޤޤ0+&O).
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4. Conclusion
The PMMA/ENR 50 filled HCl-SiO2 electrolytes were successfully prepared by solvent casting method. The 
room temperature DQG WHPSHUDWXUHGHSHQGHQFHıRI SRO\PHU HOHFWURO\WHVZHUH IRXQG VOLJKWO\Gecrease due to the 
acid modification of SiO2. Dielectric properties and electric modulus revealed that the acid modification SiO2 gives 
significant influence to the electrical properties of the PMMA/ENR 50 filled HCl-SiO2 electrolytes.
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